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Abstract 26 
 27 
Isometric exercise (IE) training has been shown to reduce resting arterial blood pressure 28 
(ABP) in hypertensive, pre-hypertensive and normotensive populations. However, the acute 29 
haemodynamic response of the heart to such exercise remains unclear. We therefore 30 
performed a comprehensive assessment of cardiac structure, function and mechanics at rest 31 
and immediately post a single IE session in 26-male (age 44.8±8.4 years) pre-hypertensive 32 
participants. Conventional echocardiography recorded standard and tissue Doppler measures 33 
of left ventricular (LV) structure and function. Speckle tracking echocardiography was used 34 
to measure LV global longitudinal, circumferential and radial strain and strain rate. From this 35 
data, apical and basal rotation and rotational velocities, LV twist, systolic twist velocity, 36 
untwist velocity and torsion were determined. IE led to a significant post exercise reduction 37 
in systolic (132.6±5.6 vs. 109.4±19.6mmHg, p<0.001) and diastolic (77.6±9.4 vs. 38 
58.8±17.2mmHg, p<0.001) blood pressure, with no significant change in heart rate (62±9.4 39 
vs. 63±7.5b·min-1, p=0.63). There were significant reductions in LV end systolic diameter 40 
(3.4±0.2 vs. 3.09±0.3cm, p=0.002), LV posterior wall thickness (0.99±0.1 vs. 0.9±0.1cm, 41 
p=0.013), relative wall thickness (0.4±0.06 vs. 0.36±0.05, p=0.027) estimated filling pressure 42 
(E/E’ ratio 6.08±1.87 vs. 5.01±0.82, p=0.006) and proportion of participants with LV 43 
concentric remodelling (30.8% vs. 7.8%, p=0.035), and significant increases in LV ejection 44 
fraction (60.8±3 vs. 68.3±4%, p<0.001), fractional shortening (31.6±4.5 vs. 39.9±5%, 45 
p<0.001), cardiac output (4.3±0.7 vs. 6.1±1L·min-1, p<0.001), and stroke volume (74.6±11 46 
vs. 96.3±13.5ml, p<0.001). In this setting there were significant increases in global 47 
longitudinal strain (-17.8±2.4 vs. -20±1.8%, p=0.002) and strain rate (-0.88±0.1 vs. -48 
1.03±0.1%, p<0.001), basal rotation (-5±3.5 vs. -7.22±3.3º, p=0.047), basal systolic rotational 49 
velocity (-51±21.9 vs. -79.3±41.3º·s-1, p=0.01), basal diastolic rotational velocity (48.7±18.9 50 
 3 
vs. 62.3±21.4º·s-1, p=0.042), LV twist (10.4±5.8 vs. 13.8±5º, p=0.049), systolic twist velocity 51 
(69.6±27.5 vs. 98.8±35.8º·s-1, p=0.006), and untwist velocity (-64.2±23 vs. -92.8±38º·s-1, 52 
p=0.007). These results suggest IE improves LV function and mechanics acutely. This may in 53 
turn be partly responsible for the observed reductions in ABP following IE training 54 
programmes and may have important implications for clinical populations.  55 
 56 
 57 
 58 
 59 
 60 
 61 
 62 
 63 
 64 
 65 
 66 
 67 
 68 
 69 
 70 
 71 
 72 
 73 
 74 
 75 
 4 
Introduction 76 
 77 
Systemic arterial hypertension remains a significant global public health problem, which is 78 
estimated to affect ≈1-billion individuals worldwide (46) and is associated with considerable 79 
morbidity and mortality. A sustained elevation in arterial blood pressure induces specific 80 
compensatory cardiac maladaptations that are associated with poor prognosis, including left 81 
ventricular hypertrophy, and systolic and diastolic dysfunction (1, 39), which through a 82 
cascade of poorly defined events, progresses to clinically symptomatic heart failure (12).  83 
 84 
International guidelines recommend non-pharmacological intervention, including regular 85 
physical activity, salt restriction and weight loss for the primary and secondary prevention of 86 
hypertension (14, 23). Evidence indicates an inverse, dose-dependent relationship between 87 
levels of physical activity and cardiovascular disease, with reductions in blood pressure being 88 
one proposed mechanism (14). The benefits of regular traditional aerobic training are well 89 
documented, with improvements in maximal aerobic capacity, physiological cardiac 90 
remodelling with coexistent improvements in systolic and diastolic function (2) and blood 91 
pressure reductions (42). However, when compared to traditional aerobic and resistance 92 
training (combined and in isolation), isometric exercise (IE) training has shown greater 93 
reductions in arterial blood pressure (ABP) (6, 7).  94 
 95 
A single bout of IE transiently decreases ABP in the minutes to hours following exertion 96 
(24). The potential mechanisms responsible for this post exercise reduction are unclear, but 97 
may include reduced vascular resistance and/or decreased cardiac sympathetic nervous 98 
system activity (25). Indeed, these acute haemodynamic and cardiovascular responses have 99 
been shown to be important mechanisms for the observed reductions in ABP following a 100 
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programme of IE training (8, 25). However, little is known regarding the effects of IE 101 
training on cardiac performance both acutely and chronically. The acute cardiac responses to 102 
a single IE session may, in part, provide a further mechanistic link to the observed reductions 103 
in ABP seen following IE training. Therefore, we performed a comprehensive assessment of 104 
cardiac function, including left ventricular (LV) strain, strain rate, rotation and twist at rest 105 
and immediately post a single IE training session in a population with pre-hypertension (pre-106 
HTN).  107 
 108 
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Materials and Methods 126 
 127 
Ethical approval and study population 128 
 129 
All procedures for this investigation conformed to the Declaration of Helsinki principles and 130 
Canterbury Christ Church Universities Faculty of Social and Applied Sciences Research 131 
Ethics Committee approved the study (Ref: 12/SAS/122). Signed, informed written consent 132 
was obtained from all participants. We studied 26 physically inactive Caucasian males (age 133 
44.8 ± 8.4 years; height 178.1 ± 5 cm; body mass 89.9 ± 1 kg; body surface area 2.1 ± 1 m2) 134 
classified as pre-hypertensive (defined as a blood pressure of 120-139 mmHg systolic and/or 135 
80-90 mmHg diastolic) with no history of cardiac or metabolic disease, non-smokers 136 
currently taking no medication, and with a normal clinical cardiovascular examination and 137 
12-lead electrocardiogram. We aimed to study a population with pre-HTN, who were 138 
otherwise healthy for three main reasons; firstly, the homogenous population reduces the 139 
impact of other co-morbidities on cardiac responses, secondly, pre-HTN precedes the 140 
development of hypertension, and thirdly, cardiac mechanical responses in this group may 141 
provide important mechanistic information for blood pressure reduction, which may prove 142 
important for future IE training interventions in hypertensive populations.   143 
 144 
Experimental procedures 145 
 146 
Participants attended the laboratory on three separate occasions each separated by 48-hours 147 
and were required to fast for 8-hours and abstain from caffeine and alcohol for 24-hours 148 
before testing. All participants were required to maintain their normal circadian and dietary 149 
patterns and attend the laboratory at the same time of day. The first session comprised of 150 
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initial resting blood pressure assessment to confirm pre-HTN. Each participant was seated for 151 
15 minutes with the cuff at heart level. After this, three resting automated blood pressure 152 
measurements were performed (Dinamap Pro 200 Critikon, GE Medical Systems, Freiburg, 153 
Germany) (32) at five minute intervals and the avaerage recorded (23, 30).  154 
 155 
Prior research has demonstrated that when constant electromyography (EMG) is used to 156 
determine exercise intensity, a steady state heart rate was achieved at 10, 15, 20, 25, and 30% 157 
EMG (43). This physiological response established the potential for IE training prescription 158 
via heart rate. Subsequent to this, research from our laboratory has demonstrated that 159 
isometric wall squat intensity could be adjusted by manipulating knee joint angle, which 160 
resulted in reliable heart rate responses (15). This method of isometric exercise prescription 161 
elicited similar cardiovascular responses to other IE modes and has recently been shown to 162 
significantly reduce resting blood pressure (45). As such, IE intensity was determined based 163 
on participant heart rate and blood pressure responses to an incremental isometric exercise 164 
test (43) using the wall squat as previously described (15). Participants were required to rest 165 
their back against a fixed wall with their feet parallel, shoulder width apart, and their hands 166 
by their side. Participants were instructed to lower their back down a solid wall, and make 167 
small adjustments to their feet position until the required knee joint angle was reached whilst 168 
maintaining a vertical lower limb and an erect trunk. Knee joint angle was measured using a 169 
clinical goniometer (MIE Medical Research, Leeds, UK), secured to the participants lower 170 
and upper leg using elasticated Velcro strapping. The test consisted of five consecutive 2-171 
minute stages, beginning at a knee joint angle of 135° and guided to reduce the angle by 10º 172 
every 2-minutes (125º, 115º, 105º, and 95º) (Figure 1). Each participants feet position was 173 
measured from the back of the left heel to the wall and their back position was measured as 174 
the distance from the ground to the lower back, which was defined as the lowest point of 175 
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contact that the participants back had with the wall. Participants were not permitted to stand 176 
or rest between angles, and maintained the wall squat until volitional exhaustion or 177 
completion of the 10-minute test. Verbal encouragement was given throughout, with 178 
particular instructions to maintain normal breathing to avoid the Valsalva manoeuvre. Rating 179 
of perceived exertion (Borg CR10 scale) was recorded at the end of each stage and/or test 180 
termination, to obtain a subjective indicator of effort. Heart rate and blood pressure were 181 
monitored continuously during the test using a plethysmographic device (Task Force® 182 
Monitor, CNSystems, Graz, Austria) to ensure participants remained within safe exercising 183 
limits defined by American College of Sports Medicine. 184 
 185 
The mean heart rate for the last 30-seconds of each completed incremental stage was 186 
recorded. Prior research has demonstrated that knee joint angle produced an inverse 187 
curvilinear relationship with heart rate (15). As such, knee joint angle was plotted against 188 
mean heart rate for the last 30-seconds of each stage. The inverse curvilinear relationship 189 
produced was used to calculate each participants knee joint training angle that would elicit a 190 
target training heart rate of 95% peak heart rate as used in prior research (9, 44). 191 
 192 
On the second visit, each participant performed a familiarisation IE training session at their 193 
prescribed training angle (mean 106 ± 7 º), which consisted of four 2-minute isometric wall 194 
squats interspersed with 2-minutes recovery. On the third visit, each participant repeated the 195 
single IE training session at their prescribed training angle and physiological data was 196 
recorded pre and immediately post the IE session. 197 
 198 
 199 
 200 
 9 
Conventional echocardiographic image acquisition 201 
 202 
Transthoracic echocardiography was performed using a commercially available, portable 203 
ultrasound system (Vivid-q, GE Healthcare, Milwaukee, Wisconsin) with a 1.5 – 3.6 MHz 204 
phased array transducer (M4S-RS Matrix cardiac ultrasound probe), pre and immediately 205 
post the single IE training session. The same sonographer acquired all images, with the 206 
participant examined in the left lateral decubitus position. Cardiac structural and functional 207 
measurements were recorded as recommended by current guidelines (21). Three consecutive 208 
cardiac cycles were recorded and stored for offline analysis using commercial software on a 209 
proprietary workstation (EchoPAC; V.113.0.x, GE Healthcare), with the results averaged. 210 
Images were acquired in parasternal long-axis and short-axis (level of mitral valve and apex), 211 
and apical 2-, 3-, 4-chamber views at baseline (following 15-minutes of supine rest) and 212 
immediately post exercise. Interventricular septal and posterior wall thickness, fractional 213 
shortening, and LV internal dimensions were recorded and relative wall thickness was 214 
calculated as (2 x LV posterior wall thickness)/LV internal diameter. LV mass was calculated 215 
according to (10) and indexed to body surface area. LV ejection fraction was determined by 216 
the modified biplane Simpson’s rule. The LV length was measured in the apical 4-chamber 217 
view from the mitral valve plane to the most distal endocardium at the LV apex. Pulsed-wave 218 
Doppler recordings were obtained to assess transmitral early (E) and late (A) diastolic filling 219 
velocities from the apical 4-chamber view, with the sample volume placed at the tips of the 220 
mitral valve. Isovolumic relaxation time was measured from the start of aortic valve closure 221 
to mitral valve opening. Tissue Doppler imaging was acquired at the lateral and septal mitral 222 
annulus to assess peak longitudinal (S'), peak early diastolic (E') and late diastolic (A') 223 
velocities, with values averaged. LV filling pressure was estimated from the mitral E/E' ratios 224 
(28). Stroke volume was calculated by the product of LV outflow tract area and velocity time 225 
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integral from a pulsed wave Doppler signal placed in the LV outflow tract in an apical 5-226 
chamber view. Cardiac output was calculated as the product of stroke volume and heart rate. 227 
 228 
Cardiac mechanics: strain, rotation and twist  229 
 230 
Speckle tracking imaging was used to obtain global LV longitudinal strain and the time-231 
derivative strain rate from the apical 2-, 3-, and 4-chamber views. LV radial and 232 
circumferential strain and strain rate, and LV rotation and rotational velocity were obtained 233 
from parasternal short axis views obtained from the LV base at the level of the mitral valve 234 
(mitral valve leaflets on view) and the LV apex (circular LV cavity with no papillary muscle 235 
visible), as described previously (22, 26, 37, 40) (Figure 2). For speckle tracking analysis, the 236 
highest quality digital images were selected and the endocardium was traced. A full thickness 237 
myocardial region of interest was selected. The observer readjusted the endocardial trace line 238 
and/or region of interest width to ensure an acceptable tracking score.  239 
 240 
Since basal and apical rotation are not acquired from the same cardiac cycle and to enable 241 
comparison between and within subjects, raw frame-by-frame rotation and rotation rate data 242 
was normalised to the percentage duration of systole and diastole using cubic spline 243 
interpolation (GraphPad Prism 6 Software, California, USA) (4, 5, 34). Subtraction of the 244 
basal data from the apical data at each time point was undertaken to calculate LV twist and 245 
untwist (4, 5, 34). LV torsion was defined as LV twist per unit length and was calculated by 246 
dividing the total twist by LV diastolic length. Images were optimised for sector width and 247 
scan depth in order to obtain high frame rates (>60 Hz) and kept constant for repeat 248 
examinations. Intra and inter-observer variability was performed on 12 randomly selected 249 
participants and correlation coefficients using linear regression ranged from r2 0.92 to r2 0.95.  250 
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Statistics 251 
 252 
Measurements are presented as mean ± standard deviation. All data were analysed using the 253 
statistical package for social sciences (SPSS 22 release version for Windows; SPSS Inc., 254 
Chicago IL, USA). A paired samples T-test was used to compare baseline and post IE 255 
measurements after confirmation of normal distribution. A chi-squared test was used to 256 
compare categorical data. A p value <0.05 was regarded as statistically significant.  257 
 258 
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Results 276 
 277 
General 278 
 279 
All 26-participants recruited completed the IE training session, which comprised of four 2-280 
minute isometric wall squats at each participants prescribed knee joint angle, interspersed 281 
with 2-minutes recovery. Echocardiographic images suitable for complete analysis were 282 
obtained on all subjects at rest and immediately post exercise.    283 
 284 
Haemodynamics 285 
 286 
There was a significant increase in cardiac output (4.3±0.7 vs. 6.1±1 L·min-1, p<0.001), 287 
predominantly mediated via a significant increase in stroke volume (74.6±11 vs. 96.3±13.5 288 
ml, p<0.001) post exercise, since there was no significant change in heart rate (62±9.4 vs. 289 
63±7.5 b·min-1, p=0.63). In addition, IE was associated with a significant reduction in 290 
systolic (132.6±5.6 vs. 109.4±19.6 mmHg, p<0.001), diastolic (77.6±9.4 vs. 58.8±17.2 291 
mmHg, p<0.001) and mean ABP (94.7±10.1 vs. 78.8±18 mmHg, p<0.001) in recovery.  292 
 293 
Cardiac function and structure: conventional and tissue Doppler parameters 294 
 295 
Baseline and post IE echocardiographic structural, functional and tissue Doppler parameters 296 
are detailed in Table 1. There was a significant decrease in LV end systolic diameter (3.4±0.2 297 
vs. 3.09±0.3 cm, p=0.002), LV posterior wall thickness (0.99±0.1 vs. 0.9±0.1 cm, p=0.013) 298 
and relative wall thickness (0.4±0.06 vs. 0.36±0.05, p=0.027) following the IE training 299 
session, with no change in LV end diastolic diameter, interventricular septal thickness or LV 300 
 13 
length. There was a significant increase in the proportion of participants with normal LV 301 
geometry following IE (69.2% vs. 92.2%, p=0.035). 302 
 303 
There was a significant increase in LV ejection fraction (60.8±3 vs. 68.3±4 %, p<0.001) and 304 
fractional shortening (31.6±4.5 vs. 39.9±5 %, p<0.001) following IE. There were no 305 
significant changes in global diastolic function; however, there were significant increases in 306 
LV tissue Doppler S’ (0.09±0.01 vs. 0.19±0.04, p<0.001) and E’ (0.12±0.02 vs. 0.15±0.03, 307 
p<0.001), with the latter resulting in a significant decrease in estimated filling pressure post 308 
IE (E/E’ ratio 6.08±1.87 vs. 5.01±0.82, p=0.006).  309 
 310 
LV strain, rotation, torsion and untwisting  311 
 312 
Myocardial mechanics pre and post IE are displayed in Table 2. Global longitudinal strain (-313 
17.8±2.4 vs. -20±1.8 %, p=0.002) and strain rate (-0.88±0.1 vs. -1.03±0.1 %·s-1, p<0.001) 314 
significantly increased post IE with no difference in global longitudinal diastolic strain rate 315 
(1.26±0.3 vs. 1.37±0.3 %·s-1, p=0.259). There was a significant increase in both basal and 316 
apical circumferential strain (-28.9±5.4 vs. -34.8±6.3 %, p=0.003 and -25.3±4.1 vs. -32.9±7.6 317 
%, p<0.001, respectively) and strain rate (-2.3±0.5 vs. -2.8±0.6 %·s-1, p=0.009 and -2.04±0.5 318 
vs. -2.57±0.7 %·s-1, p=0.012) and significant increase in apical radial strain (35.4±16.4 vs. 319 
55±17.8 %, p=0.001). There was a significant increase in basal rotation (-5±3.5 vs. -7.22±3.3 320 
º, p=0.047), basal systolic rotational velocity (-51±21.9 vs. -79.3±41.3 º·s-1, p=0.01) and 321 
basal diastolic rotational velocity (48.7±18.9 vs. 62.3±21.4 º·s-1, p=0.042); however, there 322 
was no significant change in apical rotation, apical systolic rotational velocity and apical 323 
diastolic rotational velocity. The increase in basal mechanics translated into a significant 324 
increase in LV twist (10.4±5.8 vs. 13.8±5 º, p=0.049), systolic twist velocity (69.6±27.5 vs. 325 
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98.8±35.8 º·s-1, p=0.006), untwist velocity (-64.2±23 vs. -92.8±38 º·s-1, p=0.007) and LV 326 
length corrected torsion (1.46±0.86 vs. 2.07±0.88 º·cm-1, p=0.032). Figure 3 displays the 327 
composite twist, basal and apical rotation and rotational velocity curves with annotations 328 
indicating key findings.  329 
 330 
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Discussion 351 
 352 
To our knowledge, this study is the first to investigate the acute effects of isometric wall 353 
squat exercise on cardiac structure, function and LV mechanics in men with pre-HTN. A 354 
single IE training session was associated with a significantly reduced LV end systolic internal 355 
diameter, LV posterior wall thickness, relative wall thickness and proportion of patients 356 
characterised with concentric LV remodelling. These favourable LV remodelling responses 357 
to acute IE are similar to those reported in patients with hypertension following a programme 358 
of aerobic exercise training or prescribed diuretics (33). A single IE training session was 359 
associated with improved global longitudinal, circumferential strain and strain rate and apical 360 
radial strain as well as increased LV twist and untwist. These favourable responses in cardiac 361 
mechanics have been demonstrated in healthy volunteers during aerobic exercise (27). Our 362 
results suggest IE acutely improves LV remodelling, LV systolic and diastolic function and 363 
LV mechanics. These positive adaptive changes may in turn contribute to the observed 364 
reductions in ABP following IE training programmes (19) and have important implications 365 
for clinical populations.  366 
 367 
The mechanisms responsible for this acute response may in part be due to the significant 368 
increase in cardiac systolic function and significant decrease in estimated LV filling pressure 369 
and LV after-load. Indeed, Rinder et al. (2004) demonstrated a significant correlation 370 
between reductions in systolic blood pressure and reduced relative wall thickness and 371 
reported an increase in stroke volume, cardiac output and LV ejection fraction in their 372 
exercise training group. Other lifestyle interventions, such as low sodium diets have 373 
demonstrated significantly improved LV diastolic function with significantly reduced ABP in 374 
hypertensive heart failure patients (17, 18). Although not statistically significant, reductions 375 
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in LV mass index, relative wall thickness and increased LV ejection fraction, stroke volume, 376 
and cardiac output were also reported (18).  377 
 378 
LV peak strains and strain rate have been proposed as indicators of regional myocardial 379 
function (16). Our study demonstrated that global longitudinal and radial systolic function 380 
improved post IE. This may in part be explained by a maintained pre-load, as suggested by 381 
LV end diastolic dimensions, and increased contractility (decreased LV end systolic 382 
dimension), mediating an increase in fractional shortening, LV ejection fraction and stroke 383 
volume. The underlying mechanism may include an increase in excitation-contraction 384 
coupling via improved cardiac calcium signalling as a result of sympathetic nervous system 385 
activity and/or nitric oxide bioavailability. Nitric oxide has been reported to exert significant 386 
effects on cardiac function, in particular LV relaxation and may modulate fundamental events 387 
of myocardial excitation-contraction coupling (29). In addition, a recent animal study 388 
demonstrated that dietary nitrate, which is known to reduce blood pressure, improves 389 
cardiomyocyte calcium signalling and LV contractile function (31).  390 
 391 
An acute IE training session induced a significant increase in LV twist and untwist, primarily 392 
mediated by significant increases in basal rotation, basal systolic rotational velocity and basal 393 
diastolic rotational velocity. Similar responses have been described following acute sub-394 
maximal and maximal aerobic exercise (13). Amongst patients with treated hypertension, 395 
reduced and delayed untwisting is reported with worsening LV remodelling, which may 396 
contribute to LV relaxation abnormalities (35). Enhanced LV twist or torsional deformation 397 
augments potential energy during the ejection phase and the recoil of this systolic 398 
deformation and release of elastic energy (bi-directional spring) may contribute to pressure 399 
decay, enhancing LV suction and associated diastolic filling (11, 20). Studies in human 400 
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volunteers reported that invasive measures of LV pressure and indexes of LV untwist are 401 
related to parameters of early diastolic filling (5). These authors reported that reductions in 402 
the rate and magnitude of untwisting were associated with worsening early diastolic suction 403 
and supported the concept that untwisting is important in generating LV suction and 404 
improving early diastolic filling (5). In our study there were no significant differences in 405 
conventional measures of diastolic function.  406 
 407 
The LV mechanical responses may in part be explained by mechanisms that also result in 408 
reduced ABP post IE training interventions. Prior research demonstrated significant 409 
improvements in cardiac autonomic regulation (reduced sympathetic activity) and post 410 
exercise reductions in ABP, following a single bout of bilateral isometric hand-grip exercise 411 
(24). Post exercise hyperaemia and associated sheer stress, mediating increased nitric oxide 412 
bioavailability are other potential mechanisms (36). Together these physiological responses 413 
reduce peripheral vascular resistance, which reduces cardiac after-load and improves LV 414 
haemodynamics.  415 
  416 
Our results contrast the findings of previous research, which utilised the isometric hand grip 417 
test to induce an increase in LV after-load and assess LV twist mechanics (41). In this study, 418 
isometric hand-grip exercise produced a significant transient increase in ABP and LV end 419 
systolic volume. The increased after-load induced significant reductions in LV systolic and 420 
diastolic function and significant reductions in apical rotation, basal rotation and LV twist 421 
and untwist mechanics. However, the authors recorded echocardiographic data during the 422 
isometric contraction, as opposed to the recovery period, which was performed in our study. 423 
Similar results were reported with a single isometric hand-grip exercise session followed by a 424 
period of post-exercise circulatory occlusion (3). Studies by both Weiner et al. (2012) and 425 
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Balmain et al. (2016) in healthy populations confirm data from clinical populations, where a 426 
decrease in cardiac mechanics is associated with an increase in LV after-load (35), which is 427 
an important finding when considering the continuum of hypertensive heart disease from 428 
raised after-load to adverse LV remodelling to cardiac failure. It is conceivable that had 429 
Weiner et al. (2012) recorded data in the recovery period they may have produced similar 430 
results to this study, since ABP reduced below baseline in the recovery period.  431 
 432 
Study limitations 433 
 434 
Our study is limited by a small sample size and comprised only male, Caucasian participants. 435 
We acknowledge that maximal IE tension was not recorded due to the fact that the wall squat 436 
does not use external resistance as a means of determining exercise intensity. However, the 437 
wall squat method used in this study has been shown to produce similar heart rate responses 438 
to other lower limb IE protocols and also produce significant reductions in resting blood 439 
pressure. Therefore, it is feasible to suggest that participants produced similar tension to that 440 
documented in previous IE research where tension equated to approximately 24% maximal 441 
voluntary contraction when using 95% heart rate peak (9). Speckle tracking 442 
echocardiography has inherent limitations and the exact location of the basal and apical 443 
planes may be different from patient to patient. The acute responses highlighted may simply 444 
be a consequence of improved LV contractility and reduced after-load. Nevertheless, the 445 
findings are still of significant interest since IE training interventions have been shown to 446 
reduce after-load, which may elicit long-term improvements in myocardial performance. 447 
However, whether these acute responses translate into sustained cardiac adaptations is as yet 448 
unknown. 449 
 450 
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Clinical perspective 451 
 452 
Arterial hypertension can induce a progressive deterioration in cardiac performance and is the 453 
leading modifiable risk factor for premature mortality globally (47). Pre-HTN is highly 454 
prevalent and is associated with a higher incidence of cardiovascular disease compared to 455 
optimal blood pressure (38). IE training interventions result in greater reductions in ABP 456 
compared with traditional exercise modalities (7) and is a short duration exercise intervention 457 
that can be performed in the home. This study demonstrates that a single IE training session 458 
results in acute improvements in LV remodelling, LV function and mechanics. The long-term 459 
adaptation of the LV to IE training interventions remains unknown. However, these acute 460 
favourable responses provide an insight into the observed reductions in ABP after a period of 461 
IE training. These results may in turn be partly responsible for the observed reductions in 462 
ABP following IE training programmes. Although further work is needed, this study supports 463 
the potential role for IE training as a valid treatment for blood pressure lowering.  464 
 465 
Conclusion 466 
 467 
A single IE training session was associated with significant changes in cardiac remodelling, 468 
function and LV mechanics in a population with pre-HTN. The acute cardiac responses seen 469 
may be clinically important and help further our understanding of the mechanisms inducing 470 
blood pressure reductions and improving cardiovascular health following IE training. Future 471 
short and long-term IE training interventions are needed in order to understand the 472 
implications of these acute cardiac responses.  473 
 474 
 475 
 20 
Acknowledgements: None 476 
 477 
Grants: None 478 
 479 
Conflicts of Interest: No conflicts of interest, financial or otherwise, are declared by the 480 
author(s). 481 
 482 
Author Contributions 483 
 484 
J.O’D, K.A.T, J.D.W., D.A.C., and R.S. conception and design of research; J.O’D and K.A.T 485 
performed experiments; J.O’D, K.A.T. and R.S. analysed data; J.O’D, K.A.T, J.D.W., 486 
D.A.C., and R.S. interpreted results of experiments; J.O’D prepared figures; J.O’D, K.A.T 487 
and R.S. drafted manuscript; J.O’D, K.A.T, J.D.W., D.A.C., and R.S. edited and revised 488 
manuscript; J.O’D, K.A.T, J.D.W., D.A.C., and R.S. approved final version of manuscript.   489 
 490 
 491 
 492 
 493 
 494 
 495 
 496 
 497 
 498 
 499 
 500 
 21 
References 501 
  502 
1. Aljaroudi W, Alraies MC, Halley C, Rodriguez L, Grimm RA, Thomas JD, and 503 
Jaber WA. Impact of progression of diastolic dysfunction on mortality in patients with 504 
normal ejection fraction. Circulation 125: 782-788, 2012. 505 
2. Baggish AL, and Wood MJ. Athlete's heart and cardiovascular care of the athlete: 506 
scientific and clinical update. Circulation 123: 2723-2735, 2011. 507 
3. Balmain B, Stewart GM, Yamada A, Chan J, Haseler LJ, and Sabapathy S. The 508 
impact of an experimentally induced increase in arterial blood pressure on left ventricular 509 
twist mechanics. Exp Physiol 101: 124-134, 2016. 510 
4. Borg AN, Harrison JL, Argyle RA, and Ray SG. Left ventricular torsion in primary 511 
chronic mitral regurgitation. Heart 94: 597-603, 2008. 512 
5. Burns AT, La Gerche A, Prior DL, and Macisaac AI. Left ventricular untwisting is 513 
an important determinant of early diastolic function. JACC Cardiovasc Imaging 2: 709-716, 514 
2009. 515 
6. Carlson DJ, Dieberg G, Hess NC, Millar PJ, and Smart NA. Isometric exercise 516 
training for blood pressure management: a systematic review and meta-analysis. Mayo Clin 517 
Proc 89: 327-334, 2014. 518 
7. Cornelissen VA, and Smart NA. Exercise training for blood pressure: a systematic 519 
review and meta-analysis. J Am Heart Assoc 2: e004473, 2013. 520 
8. Devereux GR, Wiles JD, and Howden R. Immediate post-isometric exercise 521 
cardiovascular responses are associated with training-induced resting systolic blood pressure 522 
reductions. Eur J Appl Physiol 115: 327-333, 2015. 523 
9. Devereux GR, Wiles JD, and Swaine IL. Reductions in resting blood pressure after 524 
4 weeks of isometric exercise training. Eur J Appl Physiol 109: 601-606, 2010. 525 
 22 
10. Devereux RB, Alonso DR, Lutas EM, Gottlieb GJ, Campo E, Sachs I, and 526 
Reichek N. Echocardiographic assessment of left ventricular hypertrophy: comparison to 527 
necropsy findings. Am J Cardiol 57: 450-458, 1986. 528 
11. Dong SJ, Hees PS, Siu CO, Weiss JL, and Shapiro EP. MRI assessment of LV 529 
relaxation by untwisting rate: a new isovolumic phase measure of tau. Am J Physiol Heart 530 
Circ Physiol 281: H2002-2009, 2001. 531 
12. Drazner MH. The progression of hypertensive heart disease. Circulation 123: 327-532 
334, 2011. 533 
13. Drury CT, Bredin SS, Phillips AA, and Warburton DE. Left ventricular twisting 534 
mechanics and exercise in healthy individuals: a systematic review. Open Access J Sports 535 
Med 3: 89-106, 2012. 536 
14. Eckel RH, Jakicic JM, Ard JD, de Jesus JM, Houston Miller N, Hubbard VS, 537 
Lee IM, Lichtenstein AH, Loria CM, Millen BE, Nonas CA, Sacks FM, Smith SC, Jr., 538 
Svetkey LP, Wadden TA, Yanovski SZ, and American College of Cardiology/American 539 
Heart Association Task Force on Practice G. 2013 AHA/ACC guideline on lifestyle 540 
management to reduce cardiovascular risk: a report of the American College of 541 
Cardiology/American Heart Association Task Force on Practice Guidelines. J Am Coll 542 
Cardiol 63: 2960-2984, 2014. 543 
15. Goldring N, Wiles JD, and Coleman D. The effects of isometric wall squat exercise 544 
on heart rate and blood pressure in a normotensive population. J Sports Sci 32: 129-136, 545 
2014. 546 
16. Greenberg NL, Firstenberg MS, Castro PL, Main M, Travaglini A, Odabashian 547 
JA, Drinko JK, Rodriguez LL, Thomas JD, and Garcia MJ. Doppler-derived myocardial 548 
systolic strain rate is a strong index of left ventricular contractility. Circulation 105: 99-105, 549 
2002. 550 
 23 
17. Hummel SL, Seymour EM, Brook RD, Kolias TJ, Sheth SS, Rosenblum HR, 551 
Wells JM, and Weder AB. Low-sodium dietary approaches to stop hypertension diet 552 
reduces blood pressure, arterial stiffness, and oxidative stress in hypertensive heart failure 553 
with preserved ejection fraction. Hypertension 60: 1200-1206, 2012. 554 
18. Hummel SL, Seymour EM, Brook RD, Sheth SS, Ghosh E, Zhu S, Weder AB, 555 
Kovacs SJ, and Kolias TJ. Low-sodium DASH diet improves diastolic function and 556 
ventricular-arterial coupling in hypertensive heart failure with preserved ejection fraction. 557 
Circ Heart Fail 6: 1165-1171, 2013. 558 
19. Inder JD, Carlson DJ, Dieberg G, McFarlane JR, Hess NC, and Smart NA. 559 
Isometric exercise training for blood pressure management: a systematic review and meta-560 
analysis to optimize benefit. Hypertens Res 39: 88-94, 2016. 561 
20. Kass DA, Bronzwaer JG, and Paulus WJ. What mechanisms underlie diastolic 562 
dysfunction in heart failure? Circ Res 94: 1533-1542, 2004. 563 
21. Lang RM, Badano LP, Mor-Avi V, Afilalo J, Armstrong A, Ernande L, 564 
Flachskampf FA, Foster E, Goldstein SA, Kuznetsova T, Lancellotti P, Muraru D, 565 
Picard MH, Rietzschel ER, Rudski L, Spencer KT, Tsang W, and Voigt JU. 566 
Recommendations for cardiac chamber quantification by echocardiography in adults: an 567 
update from the American Society of Echocardiography and the European Association of 568 
Cardiovascular Imaging. J Am Soc Echocardiogr 28: 1-39 e14, 2015. 569 
22. Leitman M, Lysyansky P, Sidenko S, Shir V, Peleg E, Binenbaum M, Kaluski E, 570 
Krakover R, and Vered Z. Two-dimensional strain-a novel software for real-time 571 
quantitative echocardiographic assessment of myocardial function. J Am Soc Echocardiogr 572 
17: 1021-1029, 2004. 573 
23. Mancia G, Fagard R, Narkiewicz K, Redon J, Zanchetti A, Bohm M, Christiaens 574 
T, Cifkova R, De Backer G, Dominiczak A, Galderisi M, Grobbee DE, Jaarsma T, 575 
 24 
Kirchhof P, Kjeldsen SE, Laurent S, Manolis AJ, Nilsson PM, Ruilope LM, Schmieder 576 
RE, Sirnes PA, Sleight P, Viigimaa M, Waeber B, Zannad F, Redon J, Dominiczak A, 577 
Narkiewicz K, Nilsson PM, Burnier M, Viigimaa M, Ambrosioni E, Caufield M, Coca 578 
A, Olsen MH, Schmieder RE, Tsioufis C, van de Borne P, Zamorano JL, Achenbach S, 579 
Baumgartner H, Bax JJ, Bueno H, Dean V, Deaton C, Erol C, Fagard R, Ferrari R, 580 
Hasdai D, Hoes AW, Kirchhof P, Knuuti J, Kolh P, Lancellotti P, Linhart A, 581 
Nihoyannopoulos P, Piepoli MF, Ponikowski P, Sirnes PA, Tamargo JL, Tendera M, 582 
Torbicki A, Wijns W, Windecker S, Clement DL, Coca A, Gillebert TC, Tendera M, 583 
Rosei EA, Ambrosioni E, Anker SD, Bauersachs J, Hitij JB, Caulfield M, De Buyzere 584 
M, De Geest S, Derumeaux GA, Erdine S, Farsang C, Funck-Brentano C, Gerc V, 585 
Germano G, Gielen S, Haller H, Hoes AW, Jordan J, Kahan T, Komajda M, Lovic D, 586 
Mahrholdt H, Olsen MH, Ostergren J, Parati G, Perk J, Polonia J, Popescu BA, Reiner 587 
Z, Ryden L, Sirenko Y, Stanton A, Struijker-Boudier H, Tsioufis C, van de Borne P, 588 
Vlachopoulos C, Volpe M, and Wood DA. 2013 ESH/ESC guidelines for the management 589 
of arterial hypertension: the Task Force for the Management of Arterial Hypertension of the 590 
European Society of Hypertension (ESH) and of the European Society of Cardiology (ESC). 591 
Eur Heart J 34: 2159-2219, 2013. 592 
24. Millar PJ, MacDonald MJ, Bray SR, and McCartney N. Isometric handgrip 593 
exercise improves acute neurocardiac regulation. Eur J Appl Physiol 107: 509-515, 2009. 594 
25. Millar PJ, McGowan CL, Cornelissen VA, Araujo CG, and Swaine IL. Evidence 595 
for the role of isometric exercise training in reducing blood pressure: potential mechanisms 596 
and future directions. Sports Med 44: 345-356, 2014. 597 
26. Notomi Y, Lysyansky P, Setser RM, Shiota T, Popovic ZB, Martin-Miklovic MG, 598 
Weaver JA, Oryszak SJ, Greenberg NL, White RD, and Thomas JD. Measurement of 599 
 25 
ventricular torsion by two-dimensional ultrasound speckle tracking imaging. J Am Coll 600 
Cardiol 45: 2034-2041, 2005. 601 
27. Notomi Y, Martin-Miklovic MG, Oryszak SJ, Shiota T, Deserranno D, Popovic 602 
ZB, Garcia MJ, Greenberg NL, and Thomas JD. Enhanced ventricular untwisting during 603 
exercise: a mechanistic manifestation of elastic recoil described by Doppler tissue imaging. 604 
Circulation 113: 2524-2533, 2006. 605 
28. Ommen SR, Nishimura RA, Appleton CP, Miller FA, Oh JK, Redfield MM, and 606 
Tajik AJ. Clinical utility of Doppler echocardiography and tissue Doppler imaging in the 607 
estimation of left ventricular filling pressures: A comparative simultaneous Doppler-608 
catheterization study. Circulation 102: 1788-1794, 2000. 609 
29. Paulus WJ, and Shah AM. NO and cardiac diastolic function. Cardiovasc Res 43: 610 
595-606, 1999. 611 
30. Pickering TG, Hall JE, Appel LJ, Falkner BE, Graves J, Hill MN, Jones DW, 612 
Kurtz T, Sheps SG, Roccella EJ, Subcommittee of P, and Public Education of the 613 
American Heart Association Council on High Blood Pressure R. Recommendations for 614 
blood pressure measurement in humans and experimental animals: Part 1: blood pressure 615 
measurement in humans: a statement for professionals from the Subcommittee of 616 
Professional and Public Education of the American Heart Association Council on High Blood 617 
Pressure Research. Hypertension 45: 142-161, 2005. 618 
31. Pironti G, Ivarsson N, Yang J, Farinotti AB, Jonsson W, Zhang SJ, Bas D, 619 
Svensson CI, Westerblad H, Weitzberg E, Lundberg JO, Pernow J, Lanner J, and 620 
Andersson DC. Dietary nitrate improves cardiac contractility via enhanced cellular Ca(2)(+) 621 
signaling. Basic Res Cardiol 111: 34, 2016. 622 
 26 
32. Reinders A, Reggiori F, and Shennan AH. Validation of the DINAMAP ProCare 623 
blood pressure device according to the international protocol in an adult population. Blood 624 
Press Monit 11: 293-296, 2006. 625 
33. Rinder MR, Spina RJ, Peterson LR, Koenig CJ, Florence CR, and Ehsani AA. 626 
Comparison of effects of exercise and diuretic on left ventricular geometry, mass, and insulin 627 
resistance in older hypertensive adults. Am J Physiol Regul Integr Comp Physiol 287: R360-628 
368, 2004. 629 
34. Stembridge M, Ainslie PN, Hughes MG, Stohr EJ, Cotter JD, Nio AQ, and Shave 630 
R. Ventricular structure, function, and mechanics at high altitude: chronic remodeling in 631 
Sherpa vs. short-term lowlander adaptation. J Appl Physiol (1985) 117: 334-343, 2014. 632 
35. Takeuchi M, Borden WB, Nakai H, Nishikage T, Kokumai M, Nagakura T, 633 
Otani S, and Lang RM. Reduced and delayed untwisting of the left ventricle in patients with 634 
hypertension and left ventricular hypertrophy: a study using two-dimensional speckle 635 
tracking imaging. Eur Heart J 28: 2756-2762, 2007. 636 
36. Tinken TM, Thijssen DH, Hopkins N, Dawson EA, Cable NT, and Green DJ. 637 
Shear stress mediates endothelial adaptations to exercise training in humans. Hypertension 638 
55: 312-318, 2010. 639 
37. van Dalen BM, Vletter WB, Soliman OI, ten Cate FJ, and Geleijnse ML. 640 
Importance of transducer position in the assessment of apical rotation by speckle tracking 641 
echocardiography. J Am Soc Echocardiogr 21: 895-898, 2008. 642 
38. Vasan RS, Larson MG, Leip EP, Evans JC, O'Donnell CJ, Kannel WB, and 643 
Levy D. Impact of high-normal blood pressure on the risk of cardiovascular disease. N Engl J 644 
Med 345: 1291-1297, 2001. 645 
39. Wan SH, Vogel MW, and Chen HH. Pre-clinical diastolic dysfunction. J Am Coll 646 
Cardiol 63: 407-416, 2014. 647 
 27 
40. Weiner RB, Hutter AM, Jr., Wang F, Kim J, Weyman AE, Wood MJ, Picard 648 
MH, and Baggish AL. The impact of endurance exercise training on left ventricular torsion. 649 
JACC Cardiovasc Imaging 3: 1001-1009, 2010. 650 
41. Weiner RB, Weyman AE, Kim JH, Wang TJ, Picard MH, and Baggish AL. The 651 
impact of isometric handgrip testing on left ventricular twist mechanics. J Physiol 590: 5141-652 
5150, 2012. 653 
42. Whelton SP, Chin A, Xin X, and He J. Effect of aerobic exercise on blood pressure: 654 
a meta-analysis of randomized, controlled trials. Ann Intern Med 136: 493-503, 2002. 655 
43. Wiles JD, Allum SR, Coleman DA, and Swaine IL. The relationships between 656 
exercise intensity, heart rate, and blood pressure during an incremental isometric exercise 657 
test. J Sports Sci 26: 155-162, 2008. 658 
44. Wiles JD, Coleman DA, and Swaine IL. The effects of performing isometric 659 
training at two exercise intensities in healthy young males. Eur J Appl Physiol 108: 419-428, 660 
2010. 661 
45. Wiles JD, Goldring N, and Coleman D. Home-based isometric exercise training 662 
induced reductions resting blood pressure. Eur J Appl Physiol 117: 83-93, 2017. 663 
46. World. Global status report on noncommunicable diseases 2010., edited by 664 
Organization WH. Geneva: 2011. 665 
47. World. World Health Organization, World Health Statistics 2012., edited by 666 
Organization WH. Geneva: 2012. 667 
 668 
 669 
 670 
 671 
 672 
 28 
Figure Legends 673 
 674 
Figure 1: Knee joint angles used for the five consecutive 2-minute stages of the incremental 675 
isometric exercise test (left to right: 135°, 125º, 115º, 105º, and 95º).  676 
 677 
Figure 2: Representative short axis images and speckle tracking imaging. Strict imaging 678 
criteria was utilised in order to standardise all parasternal short axis images. (A) An adequate 679 
basal image was defined by the presence of full thickness myocardium surrounding the mitral 680 
valve at end systole. (B) The left ventricular (LV) apex was obtained by moving the 681 
transducer one to two intercostal spaces caudally from the basal position to align with the 682 
apical short axis with no visible papillary muscles that closely approximated an end-diastolic 683 
ratio of LV cavity diameter to total LV diameter of 0.5, as described previously (40). The 684 
endocardium was traced manually on the 2-dimensional image and the speckle tracking 685 
software automatically tracked myocardial motion and only acceptable tracking was accepted 686 
as shown in (C) basal and (D) apical short-axis images.   687 
 688 
Figure 3: Sequential representation of left ventricular twist, basal and apical rotation pre and 689 
post isometric exercise training. Annotations indicate key findings and for clarity statistical 690 
differences have not been displayed; refer to table 2. Note: AVC, aortic valve closure. 691 
 692 
 693 
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Table 1: Left ventricular function from standard and tissue Doppler echocardiography  
Structural Parameters Pre-IET Post-IET P Value 
 LV internal diameter diastole (cm) 4.98 ± 0.4 5.09 ± 0.47 0.42 
 LV internal diameter systole (cm) 3.4 ± 0.2 3.09 ± 0.3 0.002 
 IVSd (cm) 0.98 ± 0.1 0.93 ± 0.1 0.16 
 LVPWd (cm) 0.99 ± 0.1 0.9 ± 0.1 0.013 
 Relative wall thickness  0.4 ± 0.06 0.36 ± 0.05 0.018 
 LV mass (g) 177.8 ± 31.7 164.6 ± 26.8 0.16 
 LV mass index (g·m2) 86.3 ± 15 80 ± 13.8 0.18 
 LV geometry    
  Normal 18 24 0.035 
  Concentric remodelling 8 2  
 LV length (cm) 8.9 ± 0.6 8.8 ± 0.7 0.7 
Global LV diastolic function    
 Peak E velocity (cm·s-1) 0.7 ± 0.1 0.74 ± 0.2 0.32 
 Peak A velocity (cm·s-1) 0.5 ± 0.2 0.51 ± 0.2 0.82 
 Peak E/A ratio 1.48 ± 0.3 1.53 ± 0.4 0.69 
 Isovolumic relaxation time (ms) 77.2 ± 15 82.1 ± 23 0.67 
Global LV systolic function    
 Left ventricular ejection fraction (%) 60.8 ± 3 68.3 ± 4 <0.001 
 Fractional shortening (%) 31.6 ± 4.5 39.9 ± 5 <0.001 
 Heart rate (b·min-1) 62 ± 9.4 63 ± 7.5 0.63 
 Stroke volume (mL) 74.6 ± 11 96.3 ± 13.5 <0.001 
 Cardiac output (L·min-1) 4.3 ± 0.7 6.1 ± 1 <0.001 
LV tissue Doppler    
 Average peak E' (m·s-1) 0.12 ± 0.02 0.15 ± 0.03 <0.001 
 Average peak A' (m·s-1) 0.1 ± 0.02 0.11 ± 0.02 0.05 
 Average peak S' (m·s-1) 0.09 ± 0.01 0.19 ± 0.04 <0.001 
LV filling pressures    
 30 
 Average E/E' ratio 6.08 ± 1.87 5.01 ± 0.82 0.006 
Arterial pressures    
 Systolic (mmHg) 132.6 ± 5.6 109.4 ± 19.6 <0.001 
 Diastolic (mmHg) 77.6 ± 9.4 58.8 ± 17.2 <0.001 
 Mean (mmHg) 94.7 ± 10.1 78.8 ± 18 <0.001 
Note: LV = Left ventricular; IVSd = Interventricular septal thickness diastole; LVPWd = Left ventricular 698 
posterior wall thickness diastole.  699 
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Table 2: Myocardial mechanics pre and post isometric exercise training 
  Pre-IET Post-IET P Value 
LV longitudinal parameters    
 Peak global LV longitudinal strain (%) -17.8 ± 2.4 -20 ± 1.8 0.002 
 Peak global LV longitudinal strain rate (%·s-1) -0.88 ± 0.1 -1.03 ± 0.1 <0.001 
 Peak global LV longitudinal strain rate diastole (%·s-1) 1.26 ± 0.3 1.37 ± 0.3 0.259 
LV basal parameters    
 Basal rotation (º) -5 ± 3.5 -7.22 ± 3.3 0.047 
 Basal systolic rotational velocity (º·s-1) -51 ± 21.9 -79.3 ± 41.3 0.01 
 Basal diastolic rotational velocity (º·s-1) 48.7 ± 18.9 62.3 ± 21.4 0.042 
 Basal radial strain (%) 48.6 ± 22.9 55.5 ± 19.4 0.305 
 Basal radial strain rate (%·s-1) 3.3 ± 1.2 3.9 ± 1.8 0.205 
 Basal circumferential strain (%) -28.9 ± 5.4 -34.8 ± 6.3 0.003 
 Basal circumferential strain rate (%·s-1) -2.3 ± 0.5 -2.8 ± 0.6 0.009 
LV apical parameters    
 Apical rotation (º) 6.58 ± 4.5 7.8 ± 4.4 0.389 
 Apical systolic rotational velocity (º·s-1) 52.1 ± 22.1 60.5 ± 26 0.278 
 Apical diastolic rotational velocity (º·s-1) -42.2 ± 18.3 -57.9 ± 31.7 0.062 
 Apical radial strain (%) 35.4 ± 16.4 55 ± 17.8 0.001 
 Apical radial strain rate (%·s-1) 3 ± 1.6 3.6 ± 1.5 0.17 
 Apical circumferential strain (%) -25.3 ± 4.1 -32.9 ± 7.6 <0.001 
 Apical circumferential strain rate (%·s-1) -2.04 ± 0.5 -2.57 ± 0.7 0.012 
LV twist parameters    
 Twist (º) 10.4 ± 5.8 13.8 ± 5 0.049 
 Systolic twist velocity (º·s-1) 69.6 ± 27.5 98.8 ± 35.8 0.006 
 Untwist velocity (º·s-1) -64.2 ± 23 -92.8 ± 38 0.007 
 Torsion (º·cm-1) 1.46 ± 0.86 2.07 ± 0.88 0.032 
Note: LV = Left ventricular.  720 
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